Canopy characteristics are crucial for accurately and safely determining the pesticide quantity and volume of water used for spray applications in vineyards. The inevitably high degree of intra-plot variability makes it difficult to develop a global solution for the optimal volume application rate. Here, the design procedure of, and the results obtained from, a variable rate application (VRA) sprayer are presented. Prescription maps were generated after detailed canopy characterization, using a multispectral camera embedded on an unmanned aerial vehicle, throughout the entire growing season in Torrelavit (Barcelona) in four vineyard plots of Chardonnay (2.35 ha), Merlot (2.97 ha), and Cabernet Sauvignonn (4.67 ha). The maps were obtained by merging multispectral images with information provided by DOSAVIÑ A ® , a decision support system, to determine the optimal volume rate. They were then uploaded to the VRA prototype, obtaining actual variable application maps after the application processes were complete. The prototype had an adequate spray distribution quality and exhibited similar results in terms of biological efficacy on powdery mildew compared to conventional (and constant) application volumes. The VRA results demonstrated an accurate and reasonable pesticide distribution, with potential for reduced disease damage even in cases with reduced amounts of plant protection products and water.
Introduction
Pesticide spray application is one of the most important factors that influences all economic, environmental, and quality-related aspects of worldwide vineyard operations. Vineyards, with their grape-bearing vines and their relationship with wine production, are one of the crop-types of focus among the recently named "specialty crops". Several challenges exist when considering improvements in the application process. The Mediterranean zone in particular requires further training and education, taking into account its specific characteristics.
The application of pesticides requires accuracy, as imprecise or excessive use can lead to serious problems such as environmental pollution, traces of pesticides in food, and health issues in humans; both workers and bystanders [1] . During the application process, risk, as a function of pesticide dose and harm to sensitive non-target areas, is related to (a) the spraying efficiency and (b) the amount of plant protection products (PPPs) used during the distribution process across the entire canopy. For orchard and vineyard applications, however, the various methods used to determine the most suitable amount of PPP and the corresponding application volume rate are often difficult to understand [2] . 2 of 20 It is suggested that accurately determining the spray rate based on the canopy structure can improve the quality of pesticide application, resulting in better pest/disease control and reduced risk of contamination. This could also lead to reduced amounts of pesticide used, which brings consequential economic, environmental, and social benefits. However, not all 3D crops have the same structure and uniformity, and in some cases, it is difficult to characterize the geometric parameters of the intended target. Moreover, canopy characterization could vary from very simple measurements of the main structural parameters (e.g., canopy height, canopy width) down to the most sophisticated, detailed aspects (e.g., leaf area density, porosity, leaf area index). A significant amount of previous research has demonstrated the clear influence of the canopy structure and dimensions on the success of the spray application process [3] [4] [5] [6] [7] [8] [9] . These studies have established a clear necessity to determine the optimal amount of pesticide to be used based on the canopy characteristics, as opposed to determining the amount by simply quantifying the ground surface area.
Accurate canopy characterization is often linked with the promising concept of variable rate pesticide application. Assuming that the objective is to maintain a constant application rate per unit of canopy, developments regarding canopy measurement methods have been linked with research into modified sprayers. Using these, various spray parameters (working pressure, nozzle flow rate, number of nozzles, etc.) can be modified according to the canopy characteristics, while maintaining a constant application rate per unit of canopy [10] [11] [12] .
Canopy characterization then becomes a crucial aspect within site-specific management strategies. In particular, when georeferenced information regarding the canopy structure and variability at the field scale is required [13] , the use of non-destructive remote sensing technologies becomes a promising option. These technologies make rapid assessment of large areas possible [14, 15] . Unmanned Aerial Vehicles (UAVs) have been widely utilized to carry remote sensing devices due their versatility, flexibility regarding flight scheduling and affordable management. Using this technology, spatial information linked, both directly and indirectly, with canopy characteristics or information about designed areas can be recorded in a practical and efficient way. Examples of this information include water status [16] , disease detection [17] and canopy characterization [18] [19] [20] [21] . De Castro et al. developed a fully automatic process for vineyard canopy characterization [13] , which self-adapts to varying crop conditions. This represents an important improvement in the canopy characterization process, generating a time efficient, reliable, and accurate method, in addition to avoiding potential errors inherent to the manual process.
Recent research has demonstrated interest in the use of UAVs for canopy characterization and the potential improvements to the application process considering the intra-parcel variability [13, 22] . This inherent variability, especially in large parcel situations, has led to increased interest in the development of advanced sprayers that could modify the spray application parameters in order to adapt the amount of PPP to the canopy structure. The European Directive on Sustainable Use of Pesticides highlighted this as an important step in reducing the risk of pesticide use [23] , through facilitating a reduction in the applied dose per hectare, improving the deposition quality and controlling the environmental contamination risk.
Benefits of the implementation of variable application rate based on the intra-parcel variability have been demonstrated, not only by the potential reduction of applied PPP, but also for the more rational and logical distribution of the required dose, considering the pest/disease pressure and its negative effects on the crop development [14] .
Vogel et al. evaluated a modified conventional boom sprayer for variable application of herbicide based on prescription maps [24] . The system was capable of combating weeds of corn and soybean crops. Furthermore, Michaud and coworkers developed a variable application prototype based on maps [25] , obtained from aerial spectral images, to combat weeds in a cranberry crop. While variable rate application technology based on prescription maps is widely used in field crops, it is not used in 3D crops. For this reason, this research aims to develop a variable rate application (VRA) system, for vineyard sprayers, based on canopy vigor maps obtained with remote sensors.
Applying the latest technologies in crop protection process improvements to vineyards, arguably one of the most specialty crops in the Mediterranean zone, could massively benefit from this important and specific agriculture. Vineyards have been identified as agricultures with one of the lowest rates of adoption or implementation of precision farming, with a primary reason being the low educational level of their farmers. Research progress in this topic, and increased use of new technologies, will lead to a more uniform educational level across all EU zones. A similar trend has been witnessed in recent years in field crop spraying [26] .
The main objective of this research was to develop, and evaluate, a holistic and automatic process for large-scale variable rate application in commercial parcels of vineyard, considering the intra-parcel variability. The specific objectives of this work were as follows:
 Development of canopy variable maps using information acquired by specific remote sensing.
 Establishment of a protocol to transform canopy maps into PPP prescription maps.
 Implementation of the corresponding hardware and software on a commercial sprayer to enable georeferenced variable spray application according the developed prescription maps.
 Quantification of the benefits of the developed prototype in the global context of spray application.
Materials and Methods
This section presents the entire process carried out to implement the variable application rate in real conditions. This process follows the method of Campos et al. [22] and is summarized in Figure  1 . The following steps can be distinguished: 1) generation of canopy vigor map from UAV data; 2) generation of prescription maps for variable spray application based on canopy maps; 3) development of software and hardware to adapt a conventional sprayer into a Variable Rate Application (VRA) sprayer; and 4) generation of actual application rate map and monitoring of the results.
In order to assess the suitability of the developed VRA, parcels with conventional -and therefore constant -rate application were also included in this research and used as a reference.
Figure 1:
Overview of the entire process used to implement the variable application rate in the field tests.
Experimental site
The trials were carried out on the Alt Penedès region (Torrelavid, Barcelona); an important wine production zone in the northeast of Spain. Seven different vineyards were selected, containing three representative varieties: Chardonnay, Merlot and Cabernet Sauvignon ( Figure 2 ). All of the selected vineyards were trained in a trellis system; Double Royat with 1.2 m on the row and 2.2 m between rows. Four of the selected parcels were sprayed with VRA system and the remaining three were sprayed using a conventional sprayer (CONV). The main characteristics of the selected vineyards are shown in Table 1 . 
Generation of canopy vigor maps
In order to obtain a complete range of data across the entire season, the vineyards were overflown with an unmanned aerial vehicle (UAV) at three different canopy stages. The first flight was scheduled on May 9 th 2018, at BBCH around 57-60 [27] ; the second flight was executed on June 11 st (BBCH 69-75); and the third flight was performed on July 2 nd (BBCH 77-79). A DroneHEXA (Dronetools SL, Sevilla, Spain) was used for the data acquisition. The UAV was equipped with two batteries of 6000 mAh (88.8 Wh), with a maximum autonomy of 25 minutes. The drone was loaded with a multispectral camera (RedEDGE, Micasense, Seattle, USA) equipped with five spectral bands: 668 nm for Red with a bandwidth of 10 nm; 560 nm for Green with a bandwidth of 20 nm; 475 nm for Blue with a bandwidth of 20 nm; 717 nm for RedEdge with a bandwidth of 10 nm; and 840 nm for NIR with a bandwidth of 40 nm. Flights were conducted 95 m above ground level (AGL) at a cruise flight speed of 6 m s -1 . Overlapping zones were adjusted at 80% in the sense of flight and 60% in the transverse sense.
In order to build the vigor map at each canopy stage, an orthophotomap with a ground sample distance (GSD) of 6.33 cm pixel -1 was obtained from spectral images acquired with the camera. The orthophotomap was radiometrically calibrated using four grayscale standards (22, 32, 44 and 51% grayscale reflectance), placed in the field during the flight, to transform grayscale 12-bit digital numbers to reflectance values. This new data was used to calculate the normalized differential vegetation index (NDVI) [28] (Equation 1).
where NDVI is normalized difference vegetation index; NIR is reflection in the near-infrared spectrum; and RED is reflection in the red range of the spectrum.
As the vineyards were planted out in rows, the image was segmented by an NDVI threshold in order to eliminate weeds, shadows and soil occurring between rows. Once the NDVI threshold was applied, an inverse distance weighting interpolation (IDW) was performed to generate a continuous NDVI map. Final processing consisted of value clustering in three NDVI levels, except in one case, where the clustering process only differentiated two NDVI levels due to the low intra-plot variability (Figure 3 ). In the case of three NDVI levels, NDVI values lower than P20 were categorized as low vigor, values between P20 and P80 correspond to medium vigor and values higher than P80 were clustered into high vigor. When only two NDVI levels were distinguished, NDVI values lower or equal than P50 corresponded to low vigor and those values higher than P50 were categorized as high vigor.
Finally, the latter data was smoothed by performing neighbor median filtering to produce the classified vigor map. The process was executed using QGIS software [29] . 
Generation of prescription maps for variable spray application
Once the vigor map was created, taking into account the different zones identified, it was located in the field using a GNSS receiver. In each determined vigor zone, 15 manual measurements of canopy height and width were randomly taken, using the decision support system (DSS) DOSAVIÑ A ® [2] , to obtain a recommended volume rate. The values obtained using DOSAVIÑ A ® were introduced into the classified vigor map using QGIS software [29] , in order to obtain the prescription map. This procedure was carried out for each pesticide application. Throughout the season, a total of seven pesticide applications were performed. This followed the experience and advice of the farmers' experience, who recommended the adequate time taking into account the risk of pest/damage.
Adapted sprayer for variable rate application
A conventional trailed cross-flow air sprayer (Saher Maquinaria Agrícola S.L., Barcelona, Spain), with a 1000 L tank and an axial fan of 800 mm diameter, commonly used in vineyard regions, was adapted for variable pesticide application based on the prescription maps (VRA). To achieve this, the sprayer was equipped with: a) one pressure sensor -GEMS 1200 series (Gems Sensors & Controls, Plainville, USA) -to allow working pressure to be monitored during the work; and b) an electronic controller -WAATIC (Estel Grup S.L., Barcelona, Spain) -including a GNSS receiver with a frequency of 1 Hz, a touchscreen and an automatic section controller. The purpose of the system was, firstly, to determine the position of the sprayer in the field as detected by the GNSS receiver. The system would then read the desired volume rate, based on the previously uploaded prescription map, and modify the working pressure using the electronic valve available in the conventional sprayer. This will then obtain the adjusted nozzle flow rate that is required to obtain the desired volume rate.
Prior to each spray application, the prescription map, in GeoJSON format, was loaded via USB to the touch screen that was installed in the sprayer. Working parameters, such as the number and type of nozzles, as well as the working width, were also introduced into the system.
Generation of actual variable rate application maps
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Once spraying had commenced, the system recorded information concerning the sprayer position in the field, the applied volume rate and the adjusted working pressure, each second throughout operation. When spraying had finished, the system generated the actual variable rate application map, which was downloaded from the touch screen via USB. This methodology was repeated for every selected parcel and for every pesticide application process throughout the entire season.
Evaluation of the system accuracy
In order to evaluate the accuracy of the system, the prescription maps and the actual variable rate application maps were compared following the methodology developed by Campos et al. [22] , using QGIS software [29] . Within these comparison processes, a random net of 2 points m -2 was created, and each georeferenced random point was assigned with a prescript value "r" and an actual value "p". For each prescript value "r", 11 intervals of tolerance were assigned (from 0% to 50% deviation, increasing in steps of 5%). It was then determined if the actual value "p" was within the calculated range [r-i, r+i]. Once all the points were compared, the percentage of coincidence between the assigned and actual values was calculated. Finally, to visualize the level of accuracy of the actual spray application map, a specific interpolation process, based on the inverse distance weighted (IDW) method, was applied [30] .
Evaluation of spray distribution quality
In order to evaluate the spray distribution quality -in all the three different identified vigor zones and in every selected parcel -a detailed quantification of coverage analysis was carried out using Water Sensitive Papers (WSP) (Syngenta, Bassel, Switzerland). Three replicates were arranged in each vigor zone for each pesticide application and parcel. Each sampling point consisted of nine WSP. These were located in the canopy, covering both the internal and external layouts of the canopy, and at three varying heights (Figure 4 ). This process followed the methodology of both Gil et al. and Miranda-Fuentes et al. [31, 32] . In the first two pesticide applications, however, only six WSP were located throughout the canopy, due to its low canopy height.
After each spray application, the WSP were collected, digitized using a scanner at a resolution of 600 dpi, 24 bits (color images), and processed with ImageJ ® software, as established by Llop [33] , in order to obtain the percentage of coverage. Evaluation of the biological efficacy was carried out by comparing the presence of powdery mildew (Uncinula necator) in both the parcels treated with variable rate application (VRA), and in the parcels sprayed with conventional application (CONV). To achieve this process comparison, systematic sampling of 20 points ha -1 was implemented. Each sampling point (composed of three successive vines) was marked with a flag to maintain its location throughout the season. Two leaves were picked at random from each vine, and the percentage of infection was determined following the EPPO guideline [34] .
In order to evaluate the efficacy, two different indexes were calculated for each studied parcel: a) incidence of powdery mildew (Equation 2); and b) degree of powdery mildew infestation (Equation 3). The incidence refers to the number of leaves affected by powdery mildew independently of the severity of their infection.
Incidence of mildew (%) = nº infested leaves nº total leaves x 100
Degree of mildew infestation (%) = ∑ category x nº leaves maximum category x nº total leaves
x 100
The degree of infestation relates to the quantity of infested leaves, and was classified based on the categories defined in Table 2 . Two sampling processes were used throughout. The first sampling was arranged on July 5 th (BBCH: Chardonnay 79; Merlot and Cabernet Sauvignon 77) and the second on July 31 st (BBCH: Chardonnay 85; Merlot and Cabernet Sauvignon 83).
Statistical analyses
For the evaluation of the water sensitive papers' (WSP) coverage, one-way analysis of variance (ANOVA) was performed in order to evaluate the differences between vigor zones.
To evaluate the biological efficacy, the impact of the pesticide application type (conventional and variable rate application) was evaluated using one-way ANOVA for both incidence and infestation, considering vine variety as a covariate.
In all cases, previous to the analysis, the data was transforming using the arcsin function to obtain a normal distribution of residues. Statistical analyses were performed using SPSS 25.0 software [35] .
Results and discussion
Canopy vigor maps, prescription maps and actual variable rate application maps
Three raw vigor maps were obtained throughout the duration of the season. These were obtained for each of the selected parcels from the spectral images taken from the multispectral camera that was mounted on the UAV. The raw vigor maps have a resolution of approximately 6 cm pxl -1 , and allow for evaluation of the vegetation condition along the plot. This is the first step in determining the intra-plot variability. From this raw data, three classified canopy vigor maps were obtained for each plot during the growing season. Figure 5 indicates the 12 canopy vigor maps that were generated across the duration of the season. It was noted that these maps changed throughout the vineyard season. Table 3 presents the percentage of area corresponding to each vigor category for each generated canopy vigor map. It can be seen that the majority of the area corresponds to the medium vigor category, since this category includes quintiles 2, 3 and 4. During the spraying season, a total of 28 spray applications were carried out (7 applications per plot studied). In each of these cases, the vegetation in each area of vigor was measured in order to determine the optimum volume of application using DOSAVIÑ A ® (Tables 4a and 4b ) and thus create the prescription map. Two of these maps are shown as examples in Figure 6 . Figure 6 left presents the prescription map built on June 20 th , which corresponds to the 4 th spray application of the season on parcel one. In this application, three different volumes of vegetation were determined. In red areas (low vigor), an optimum volume of 257 L ha -1 was determined. In the yellow areas (medium vigor) an optimum volume of 315 L ha -1 was determined, and in the blue areas (high vigor) an application volume of 372 L ha -1 . Figure 6 right shows the prescription map built on July 12 th , which corresponds to the 6 th spray application of the season on parcel two. In this case, only two different vigor categories were differentiated. In green areas (low vigor), the volume rate was 230 L ha -1 and in the blue areas (high vigor), the volume rate was 370 L ha -1 . All nozzles used were hollow cone Albuz ATR models (Albuz Saint-Gobain Desmarquest, Evraux, France). Forward speed during all the treatments was 6.8 km h -1 . CH: Chardonnay; MT: Merlot; CS: Cabernet Sauvignon.
In total, 28 actual application maps were downloaded from the touch screen of the prototype after the spray application processes. The actual application maps corresponding to the two examples previously referenced are presented in Figure 7 . These maps present the real information about the application volume in these cases. 
Accuracy of the system
In order to quantify the correspondence between the prescription maps and the actual variable rate application maps, a range of eleven different thresholds were established, from 0% to 50% tolerance. The most restrictive threshold (0%) measured the percentage of points in which there was no difference between the intended and actual application rate. Conversely, the highest tolerance (50%) quantified the percentage of points where variations of ±50% of applied volume were detected.
In the case of the spray application on June 20 th , previously presented as an example, only 1.3% of points were classified as successful points at the 0% threshold, while 99.8% of points were classified at the 50% threshold. Assuming a theoretical tolerance of ±10%, the system was able to classify 77.4% of the points as successful points. Figure 8 presents the distributed accuracy, classified according to the established threshold level. The red zones marked on the maps indicate the areas where the accuracy of the system exceeded the established thresholds. The majority of these red zones correspond to transition zones, these being zones where the sprayer was ordered to modify the working pressure. As can be seen by the results, the variable rate application method was capable of generate actual application maps with a good degree of accuracy when compared with prescription maps. Table 5 presents the percentage of points that were classified as successful points, assuming a ±10% tolerance across all parcels and spraying applications. Taking the average value of the data obtained, 77.0% of the points were classified as successful points. 
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Evaluation of spray distribution quality
Coverage analysis, as displayed in Figure 9 , indicates that promising results were obtained in all of the studied cases. Taking into account the average data, a coverage value of 35.1 ± 0.6% was observed. Despite changing the volume rate, no significant differences (P>0.05) occurred in the coverage percentage across the vigor zones. In general, the coverage values seen during the spray applications ranged from 20 to 40%; it has been reported that this coverage is adequate to ensure pest/disease control in any spray application process [36] . These results support the case for adaptation of these applied volume rates to canopy characteristics, allowing for adjustment of the optimal amount of water while maintaining the coverage and spray distribution quality. Table 6 shows the detailed results obtained, both in terms of coverage (%) and of uniformity of distribution over the whole canopy, measured through the standard error of the mean (SEM). In general, the data Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2019 doi:10.20944/preprints201911.0306.v1
did not indicate differences between the conventional and VRA systems, even if, in some cases, the volume rate was reduced according the canopy structure and dimensions. Table 7 presents the results obtained for powdery mildew incidence and infestation in both types of pesticide application (conventional and variable rate application) within the two sampling periods. Generally, the incidences after the variable rate pesticide application parcels on July 5 th were significantly lower than those obtained for the conventional spray process (8.4% vs. 23.1%, respectively). No significant differences were obtained, however, in the July 31 st sampling (12.7% vs. 15.4%, respectively). In both cases, the statistical analysis shows that the covariate vine variety was not significant (P>0.05). Regarding the degree of powdery mildew infestation, no significant differences were witnessed between the conventional and variable rate treatments (15.8% vs 19.3% on July 5 th , and 16.5% vs. 17.2% on July 31 st ).
Evaluation of the biological efficacy
Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2019 doi:10.20944/preprints201911.0306.v1 Figure 10 : Volume rate applied in conventional and variable rate parcels in each spray application. Time of the evaluation of the biological efficacy (sampling time) as well as pruning and stripping task are marked. Figure 10 presents the applied volume rates for the conventional and variable rate application systems throughout the whole growing season. In the case of variable rate application, the volume rate was always related to the canopy characteristics. It followed the canopy development and other changes throughout the period, also accounting for vineyard management (pruning and stripping). In contrast, in conventional applications, the volume rate was largely invariable for all spray applications, with the exception being when the farmer detected any disease symptom. In these cases, the applied volume (and consequently the PPP dose) was doubled. This consequently risked losses to the soil, drift and led to difficulties with residue management. A specific example of this was with the Cabernet Sauvignon variety at BBCH 77, where the volume rate was upgraded from 200 to 400 L ha -1 .
The biological efficacy results indicate that the incidence of powdery mildew at the first sampling date was significantly higher in the conventional parcels than in the variable rate application parcels. By using a volume rate that was not well adapted to the characteristics of the canopy, incidence of the disease increased, which, as described previously, forced the farmer to increase the volume rate application. This irrational increase in volume rate in turn significantly increased the diffuse contamination risk.
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Conclusions
In this study, a prototype variable rate application system, based on prescription maps, was tested throughout the duration of an entire vineyard growth season. The major findings were found to be:

The classified vigor maps were simply transformed into prescription maps by taking into account the structural canopy characteristics.
The system was able to read a prescription map and appropriately modify the working parameters (working pressure) depending on the position of the sprayer in the field. 
A system accuracy of approximately 80% was obtained, assuming a tolerance of 10% deviation.  Despite changing the working pressure and volume rate between the vigor zones, the coverage values that were obtained during the spray applications can be considered similar in all cases. The coverage was also deemed adequate in minimum terms to ensure pest/disease control in all cases. 
The variable rate application process, based on the combination of vigor maps with the DSS Dosaviña ® to determine the optimal volume rate, can obtain equivalent results regarding biological efficacy as a conventional pest application process. 
The variable rate application process allows an improved and more reasonable use of PPP, by taking into considering the specific characteristics of the intended target (canopy), when compared with a conventional spraying process. This results in a safer, and more sustainable, use of pesticides throughout the entire growing season. Funding: This research was developed with partial funding from the FI-AGAUR grant from the Generalitat de Catalunya (2017 FI_B 00893).
